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TRANSMITTING SPREAD SPECTRUM DATA 
WITH COMMERCIAL RADIO 

FIELD OF THE INVENTION 

This invention relates to combining spread spectrum 
transmissions with commercial radio transmissions. 

BACKGROUND OF THE INVENTION 

The commercial radio spectrum is populated by govern 
ment-licensed commercial radio stations operating at desig 
nated center frequencies. For example, the FM radio spec 
tmm is segregated into 102 channels in the range of 87.5 
MHz to 107.9 MHZ, the channels being evenly spaced at 0.2 
MHz intervals. To prevent interference, each radio station is 
allocated a portion of frequency space or bandwidth around 
its designated center frequency. The FCC has speci?ed a 
“mask” identifying the amount of transmitting power a 
station may produce at each wavelength; most of the trans 
mitting power must be near to the center frequency; pro 
gressively lower power is permitted at wavelengths away 
from the center frequency. 

There is increasing interest in using bandwidth available 
to FM stations to transmit additional information, such as 
digital broadcast data; this is known as an In Band On 
Channel (IBOC) transmission. Typically, additional infor 
mation would be added to the FM transmission by modu 
lating the amplitude of the FM carrier signal, or by summing 
a non-interfering signal within the allowed mask, resulting 
in additional transmission power in sidebands surrounding 
the existing 0.2 MHZ band of FM program material. 
One known technique for transmitting digital data over a 

radio channel is known as Code Division Multiple Access 
(CDMA) transmission. This technique is used to transmit 
subsignals of digital information from multiple transmitters 
over a single channel for reception by multiple receivers at 
different and possibly mobile locations. 
To send each positive or negative digital signal of the 

subsignal, a CDMA transmitter respectively sends a code 
sequence or an inverted version of the code sequence. 
Typically, the code sequence is itself a sequence of digital 
signals each having a positive or negative value; to send the 
code sequence, a ?rst analog output level is transmitted for 
every positive digital signal in the code sequence and a 
second analog output level is transmitted for every negative 
digital signal in the code sequence. To send an inverted 
version of the code sequence, the ?rst output level is 
transmitted for every negative digital signal in the code 
sequence, and the second output level is transmitted for 
every positive digital signal in the code sequence. 
A receiver selects a desired CDMA transmission by 

correlating the signals it receives on the CDMA channel 
with an internally-generated version of the desired code 
sequence used by the desired transmitter. To correlate the 
signals, the receiver ?rst multiplies the analog signals 
received on the CDMA channel by the desired code 
sequence, i.e., the received signal is inverted during negative 
digital signals of the desired code sequence and not inverted 
during positive digital signals of the desired code sequence, 
producing a product signal. To complete the correlation, the 
receiver maintains a summation of the product signal over 
the sequence period. When the receiver reaches the end of 
the desired code sequence, the receiver uses the accumulated 
sum to determine the value of the transmitted digit, returns 
to the beginning of the desired code sequence, and clears the 
sum to zero. If the internally-generated desired code 
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2 
sequence is in phase with the code sequences produced by 
the transmitter, the sum will be a large positive or negative 
number, corresponding to a positive or negative digital 
signal of the subsignal from the desired transmitter. 

For such a scheme to work properly, the code sequences 
used by the CDMA transmitters must satisfy two require 
ments: ?rst, the code sequences must be approximately 
orthogonal to each other. Approximately orthogonal digital 
signal sequences have approximately the same number of 
unequal digital signals as equal digital signals (comparing 
corresponding digital signals from each sequence) when 
compared in any phase to each other. Two sequences having 
this property relative to each other will be referred to as 
having near-zero cross-correlation. This requirement arises 
from the fact that the code sequences are transmitted by 
multiple transmitters at different locations, and therefore 
receivers located in different geographical positions relative 
to the transmitters will receive sequences in substantially 
different phase relationships. Requiring approximately 
orthogonal sequences ensures that, when a receiver corre 
lates the signals on the CDMA channel with a desired code 
sequence, any other code sequences on the CDMA channel, 
regardless of their relative phase, will have minimal impact 
on the correlation performed in the receiver. 
The second requirement is that the CDMA code 

sequences must have near-zero auto-correlation; that is, each 
sequence, when compared to any out-of-phase version of 
itself (i.e., a version formed by repetitively barrel-shifting 
the last digital signal of the sequence to the beginning of the 
sequence), must have approximately the same number of 
equal digital signals as unequal digital signals. This require 
ment ensures that a receiver can synchronize its intemally 
generated code sequence to the code sequences being trans 
mitted by the transmitter. If the internally-generated code 
sequence is out of phase with that being transmitted by the 
transmitter, when the internally-generated code sequence is 
correlated to the signal received on the CDMA channel, an 
approximately zero result will be obtained. However, if the 
internally-generated code sequence is in phase with the 
transmitter, the correlation will produce, as noted above, a 
relatively large positive or negative result. Thus, the receiver 
may synchronize to the transmitter by slowly varying the 
phase of the internally-generated code sequence, until large 
positive and negative results are obtained. 

So-called “Gold” code sequences have near-zero out-of 
phase autocorrelation and cross-correlation, and thus are 
suitable candidates for CDMA transmission. Gold code 
sequences can be derived from known mathematical formu 
las. However, neither Gold code sequences, nor any other 
known set of sequences used in CDMA transmission, have 
perfect orthogonality (i.e., when phased versions of two 
Gold code sequences are compared, there is never exactly 
the same number of equal and unequal bits). Rather, Gold 
code sequences and other sequences used in CDMA trans 
mission are only approximately orthogonal. However, Gold 
code sequences are closer to the orthogonal ideal than other 
types of sequences, and therefore are often used in CDMA 
systems. 

Another type of code sequence is the “maximal length” 
code sequence. The out-of-phase autocorrelation of a maxi 
mal length code sequence is typically much lower than a 
Gold code sequence, however, sets of maximal length 
sequences have greater cross-correlation than sets of Gold 
code sequences; thus CDMA systems typically use Gold 
code sequences rather than maximal length code sequences. 
Maximal length code sequences, and other forms of code 

sequences, are described in Spread Spectrum Systems with 
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Commercial Applications by Robert C. Dixon, John Wiley & 
Sons, Inc., New York, ISBN 0-471-59342-7, in particular in 
the chapter entitled “Coding for Communications and Rang 
mg”. 
One di?iculty with CDMA schemes is that they exhibit 

limited throughput; that is, the number of sequences is much 
larger than the number of digital signals, or bits, in the 
sequences. For example, it is believed that there are less than 
seven different 63-bit sequences having su?icient cross 
correlation and autocorrelation characteristics to be used in 
a conventional CDMA environment (sets of four or more 
63-bit sequences can be generated, but the sequences are not 
believed to demonstrate the necessary orthogonality and 
autocorrelation for a robust system). Therefore, using 63-bit 
sequences in conventional CDMA techniques, only 3 
sequences can be simultaneously transmitted, limiting the 
rate at which digital signals of the subsignal which can be 
transmitted. 

SUMMARY OF THE INVENTION 

The present invention provides a spread spectrum trans— 
mission system having substantially improved throughput. 
For example, in accordance with principles of the present 
invention, 63 64-bit sequences may be simultaneously trans 
mitted over one channel, greatly increasing the throughput 
as compared to a traditional CDMA scheme. 

In the environments described below, all of the sequences 
representing information are transmitted from the same 
transmitter, and all of the transmitted sequences may be 
received in the same phase relative to each other, regardless 
of the geographical position of the receiver. As a result, in 
accordance with principles of the present invention, the 
conventional CDMA requirement of near-zero out of phase 
cross-correlation can be met by different phases of a single 
sequence having near-zero out-of~phase autocorrelation. 

Suitable sequences may be formed from a maximal-length 
sequence, because a maximal-length sequence has near-Zero 
autocorrelation. Furthermore, in accordance with principles 
of the present invention, a maximal-length sequence can be 
improved to produce a sequence having exactly zero auto 
correlation. This is done by starting with a maximal length 
sequence composed of N digital signals (i.e., bits) having the 
values +1 and —l, producing N different phases s, of the 
sequence s1, s2, . . . s63 by repetitive barrel shifting, and then 
adding an extra bit with a predetermined value to a prede 
termined location of each phase s,-. For simplicity, the 
additional bit can be placed at the beginning of the phases, 
although any other location will work equally well so long 
as the location is the same in each phase. 

Thus, for example, given an N-bit maximal length 
sequence of bits b1, b2, b3, . . . , bN_1, bN and an extra 
predetermined bit bp, in accordance with principles of the 
present invention, one forms N, N+1 bit sequences: 

bp, 13,, b2, b3, . . . , bN_1, b,, 

11,. b”, b1. b2. . . . , hm. bN_1 

bp! bNAh but bl’ ' - - bat-31 bN-z 

bp, 1);, b3, b4, . . . , b”, b, 

The extra predetermined bit can be chosen so that each 
resulting sequence of NH bits has exactly (N+1)/2 bits of 
value +1 and (N+1)/2 bits of value —l, such that the resulting 
sequences, unlike those used in any known spread spectrum 
system, have exactly zero cross-correlation. 
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4 
Thus, speci?cally, in accordance with one feature of the 

present invention, a set of information signals is encoded for 
spread spectrum transmission by ?rst generating two or 
more code sequences having exactly zero cross-correlation. 
Transmission sequences may be produced by multiplying 
each orthogonal sequence by one or more of the information 
signals to be transmitted. Then the transmission code 
sequences are summed together to form an encoded output 
code sequence. 

In accordance with another feature of the present inven 
tion, a set of information signals are encoded for transmis 
sion by selecting a code sequence which includes a group of 
digital signals having near-zero out-of-phase autocorrela 
tion, and generating additional code sequences in which the 
group of digital signals has been shifted in phase. Then, 
transmission code sequences are produced by multiplying 
each code sequence by words of one or more of the digital 
signals to be transmitted. Finally, the transmission code 
sequences are summed together to form an output code 
sequence. 

In the following, the transmitted signal produced by this 
summing of sequences is termed a “code shift multiplex” 
(CSM) signal. 

In speci?c embodiments, the code sequences are phases 
of a maximal length code sequence of N digital signals (i.e., 
bits) having the possible values +1 or —1, each modi?ed to 
include an additional digital signal (i.e., bit), at its end. The 
sequences formed in this manner have zero correlation with 
each other, and thus all of the code sequences may be 
transmitted together in the manner described with perfect 
mathematical orthogonality. 

In various embodiments, each information signal to be 
transmitted may be a level selected from a set of possible 
levels, which can be either evenly or unevenly spaced. An 
information signal comprised of a single digital bit can be 
transmitted using two levels (interpreted as having the 
possible values +1 and —1). An information signal comprised 
of two digital bits can be transmitted using four levels 
(interpreted, for example, as having the possible values +3, 
+1, —1, —3). An information signal of three digital bits can 
be transmitted using eight levels (interpreted, for example, 
as having the possible values +7, +5, +3, +1, —1, —3, —5, —7). 
Any other system of discrete levels may also be transmitted, 
and the levels may be evenly or logarithmically spaced. 
Furthermore, an analog information signal, i.e., a signal 
which has a level within a continuous range of possible 
levels, can also be transmitted. 
Due to the exactly zero cross-correlation between the 

sequences, in theory any of the above signals can be 
transmitted with equal ?delity. However, in a practical 
application, due to noise, distortion and other limitations, 
greater transmission accuracy is achieved when a smaller set 
of possible levels is transmitted. Thus, the greatest trans 
mission accuracy is achieved when only two levels are 
transmitted. However, greater thruput bandwidth can be 
achieved when a larger number of levels is permitted. This 
tradeo?c between thruput bandwidth and accuracy must be 
optimized for each application. 
To facilitate reception of the transmitted output sequence, 

the output code sequence can include a synchronization 
pulse identifying, e. g., the beginning of the output sequence. 
The above described method can also be enhanced to 

simultaneously transmit a second set of information signals 
by preparing the second signals in the same manner as the 
?rst signal to form a second output signal for transmission, 
and then transmitting the two output signals in phase quadra 
ture on a high frequency carrier. Alternatively, the second set 
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of information signals can be encoded using a different set 
of code sequences which have near-zero out-of-phase cross 
correlation both with respect to each other and with respect 
to the ?rst code sequences. Then the two output signals can 
be added and transmitted together in phase on the carrier. 

In accordance with another feature of the invention, a 
method of extracting information from a received CSM 
signal includes generating code sequences in the manner 
described above, producing correlation sequences by form 
ing a sequence of products of the received signal with the 
code sequences, forming correlation values by summing the 
correlation sequences over a time interval, and determining 
the information from the correlation values. 

In a speci?c embodiment, a synchronization pulse at the 
beginning of the received signal is detected and used to 
initiate the time interval. 

In one embodiment, described in detail below, the encoder 
and extractor are respectively coupled to an FM transmitter 
and receiver to transmit and received in-band on-channel 
(IBOC) information by amplitude modulation of an FM 
carrier. However, the principles of the present invention can 
be applied to any kind of spread spectrum transmitting and 
receiving system. 
The above and other objects and advantages of the present 

invention shall be made apparent from the accompanying 
drawings and the description thereof. 

BRIEF DESCRIPTION OF THE DRAWING 

The accompanying drawings, which are incorporated in 
and constitute a part of this speci?cation, illustrate embodi 
ments of the invention and, together with a general descrip 
tion of the invention given above, and the detailed descrip 
tion of the embodiments given below, serve to explain the 
principles of the invention. 

FIG. 1 is a block diagram of an FM transmitter with an in 
band on channel (IBOC) digital subsystem in accordance 
with principles of the present invention; 

FIG. 2 is an illustrative example of a transmitted sequence 
produced by the generator 18 of FIG. 1; 

FIG. 3A is a general illustration of the functions per 
formed by the generator 18 of FIG. 1, FIG. 3B is a block 
diagram of a speci?c implementation of a circuit for per 
forming these functions, and FIG. 3C is a timing diagram 
useful for understanding FIG. 3B; 

FIG. 4 is a block diagram of the upconver’ter 22 of FIG. 
1; ‘ 

FIG. 5 is a block diagram of a receiver in accordance with 
principles of the present invention; 

FIG. 6 is a block diagram of the receiver front end 82 of 
FIG. 5; 

FIG. 7 is a block diagram with waveform illustrations of 
the demodulator and equalizer 84 of FIG. 5; 

FIG. 8A is a block diagram of the logarithmic ampli?er/ 
detector 132 of FIG. 7; 

FIG. 8B is a block diagram of the offset equalizer 136 of 
FIG. 7; 

FIG. 9 is a block diagram of the sync recovery circuit 86 
of FIG. 5; 

FIG. 10A is a general diagram of the functions performed 
in the baseband demodulator 88 of FIG. 5, and FIG. 10B is 
a block diagram of a speci?c implementation of a circuit for 
performing these functions. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

FIG. 1 illustrates an FM transmitter incorporating a CSM 
encoder for IBOC digital transmission in accordance with 
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6 
principles of the present invention. A source 12, for example 
of program music and/or advertising, feeds into an encoder 
14 which converts the analog signal from source 12 into 
digital data. Encoder 14 may be an analog-to-digital con 
verter, or it may include more elaborate digital signal 
processing circuitry which conditions and/or compresses the 
digital data. Alternatively, instead of transmitting digitized 
audio, the CSM digital transmission system may transmit 
digital information, such as teletype news, in which case no 
analog-to-digital conversion would be required. In any case, 
the information to be transmitted is a group of digital signals 
(i.e., bits) on line 17 which is in synchrony with a clock 
signal produced by generator 18 on line 16. The data bits are 
encoded in accordance with principles of the present inven 
tion by generator 18 into an analog signal (which hereinafter 
may be referred to as a “baseband CSM” signal) on line 20; 
this analog signal has a waveform of the kind illustrated in 
FIG. 2. RF upconverter 22 modulates the analog signal on 
line 20 with the standard, analog RF FM signal (including 
the standard FM program material) produced by source 23. 
If necessary the resulting RF signal is ?ltered by a broad 
band ?lter 24 which ensures that the signal remains within 
the allowable FM “mask”. The ?ltered signal is then ampli 
?ed by linear high power ampli?er 26 for broadcast on 
antenna 28. Suitable designs for broadband ?lter 24 and high 
power ampli?er 26 are well known in the art of radio signal 
transmission. 

FIG. 2 shows the continuously-transmitted output 
sequences produced by generator 18 in accordance with 
principles of the present invention. The output sequence 30 
comprises a sequence of pulses 32. Each output sequence 30 
is followed (and preceded, with the exception of the ?rst 
sequence) by another output sequence 31. Synchronization 
pulses 34 and 36 are inserted between each output sequence 
to aid the receiver in locating the beginning and end of each 
output sequence for decoding, as discussed below. These 
synchronization pulses consist of a ?xed level positive pulse 
followed immediately by a ?xed level negative pulse, as 
illustrated by pulses 34 and 36, and thus have no DC content. 
The ?xed levels may be, for example, 1A of full scale. 

Synchronization pulses 34, 36 may have a shorter dura 
tion than pulses 32; for example, positive and negative 
synchronization pulses having a duration which is approxi 
mately 60% of the duration of the pulses 32 encoding the 
data have been used effectively. 

Although any frequency can be used, in the speci?c 
implementation described below for IBOC transmission of 
digital data with FM radio, output sequences have been 
successfully transmitted at a rate of 2 kHz; at this rate, the 
pulses 32 appear at a rate of approximately 140 kHz, and 
have a width of approximately 7 microseconds. 

Generator 18 is a digital circuit performing various com 
putational functions. It will be appreciated that this circuit 
can be implemented using discrete logic circuitry, program 
mable logic array (PLA) devices, custom integrated circuits 
(e.g., gate array devices), or a microprocessor running under 
the control of suitable software. Presently, these ?rnctions 
are performed by PLA’s, speci?cally 7000 Series PLA’s 
available from Altera Corporation, 2610 Orchard Parkway, 
San Jose, Calif. 95134-2020. However, other implementa 
tions may be more cost-effective in mass production and are 
within the scope of the present invention. 
The other digital circuitry described below is similarly 

currently implemented with PLA’s, but also might be more 
cost-effectively implemented with custom digital circuitry 
or with a microprocessor, and these other implementations 
are within the scope of the present invention. 
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Referring to FIG. 3A, generally, encoder 18 includes a 
circuit 40 which generates, on lines 45, sixty-three 64-bit 
code sequences (hereafter sometimes referred to as 
sequences s,-) which are used to encode the digital data. 
Lines 45 carry bits of these sequences in synchrony with a 
sequence clock on line 42. As noted above, the code 
sequences s,- are phase-shifted versions of a 63 bit maximal 
length sequence, including an additional “0” bit in the same 
location in each sequence, e.g. at the end of the sequence. 

It should be noted that each of these sequences s,- has the 
same number of l’s and O’s. Furthermore, any two 
sequences, when compared bit-by-bit to each other, have 
exactly 32 identical bits and 32 different bits. It can also be 
veri?ed, based on the foregoing, that, giving each “1” bit a 
value of positive 1, and every “0” bit a value of negative 1, 
if one multiplies corresponding bits of two different 
sequences s, and adds the products, the result is 0. Those bits 
which differ will produce a product of —1, whereas those bits 
which are the same will product a product of +1; thus, 32 of 
the products will have the value —1, the other 32 products 
will have the value +1, and the sum will be zero. It should 
be noted, however, that if one performs the same operation 
on identical phases, the result is 64. If the phases are 
identical, the individual products will be either +1><+1 or 
—1><—1; in either case the value of the product will be 1, so 
the sum of the 64 products will be 64. Stated mathematically, 

64 (1) 
s](i) ‘ sk(i) = 64 forj = k 

I: 

where sJ-(i) and s k(i) are the i’'‘ bits, respectively, of the j‘" and 
16'‘ sequences. This relationship is critical to recovery of the 
encoded transmission in the receiver. 
The circuit discussed herein encodes groups of three 

adjacent binary digits as base-eight transmission digits t. 
Thus, triplets of binary digits (referred to respectively as 
(Dla, D1b, Dlc), (D2a, D2b, D2c), etc.) are input to 
respective data mapping circuits 48(1), 48(2), 48(3), etc. The 
data mapping circuits convert the triplet of data bits to a 
single base-8 transmission digit having the possible values 
+7, +5, +3, +1, +1, —3, —5 or —7 (these values being 
represented as four-bit two’s complement binary symbols on 
line 49(1), 49(2), 49(3), etc.) Data mapping circuits 48 
consist of logic elements implementing the truth table: 

Dxa Dxb Dxc Result 

0 0 0 —5 (1011) 
0 0 l -7 (1001) 
O 1 0 —3 (1110) 
O l 1 —1 (1111) 
1 O 0 +5 (0101) 
l O 1 +7 (0111) 
1 1 0 +3 (0010) 
l 1 1 +1 (0001) 

These values are Grey-coded, that is, the three adjacent 
bits which form the triplet (Dxa, Dxb, Dxc) are evaluated as 
if they were encoded in Grey-code format rather than 
straight binary. This provides error resilience in the receiver 
decoding process, as will be elaborated below. 
The 63 lines 45 carrying sequences s, respectively connect 

to one of 63 sequence mapping circuits 50(1), 50(2), 50(3), 
etc. Circuits 50 map the bits of the sequences into bipolar 
base-two digits having the possible values +1 and —1 (these 
values being represented as two-bit two’s complement 
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binary symbols at the outputs of circuits 50). Sequence 
mapping circuits 50 consist of discrete logic elements imple 
menting the truth table: 

Input Result 

1 +1 (01) 
0 —1 (11) 

The output of each respective sequence mapping circuit 
50 is multiplied by the output of the respective data mapping 
circuit by a respective two’s-complement multiplier 52(1), 
52(2), 52(3), etc., producing products on lines 54(1), 54(2), 
54(3), etc. These products are fed to a cascading tree 
structure of two’s complement adders 56A—56F. Adders 56 
form the sum of each of the products on lines 54 and produce 
the result on line 57. The sums produced by adders 56A form 
inputs into adders 56B, the sums of which form inputs to 
adders 56C, and so on until the ?nal addition is performed 
by adder 56F. 
The ?nal ten bit sum on line 57 represents the value of an 

output digit, to be encoded as a pulse 32 (FIG. 2), and is a 
number between ~7><63 and +7><63, represented in two’s 
complement binary. 
The foregoing can be better understood by describing 

these functions mathematically. In the generator circuit, a set 
of N (N=63) base-8 transmission digits t(l), t(2), . . . t(N) 
(each digit t(i) being derived from a triplet of bits Dxa, Dxb, 
Dxc) are encoded using N n-bit (n=64) sequence s,-, by 
multiplying each of the N sequences s1, s2 . . . sN by a 
corresponding one of the transmission digits t(i), and then 
adding the products to form a sequence of n output digits. 
Mathematically, the i”‘ output digit 0(i) can be described by 

0 . 1g’ . k (2) 
(I) - [F1 ska) - 1( > 

The digital signals on line 57, which represent the output 
digits O(i), are delivered to sync pulse, ?ltering and clipping 
circuit 60, which produces corresponding a digital output 
signal on line 61. 

Circuit 60 performs a clipping function. Most of the 
output digits 0(i) have values near to zero (mid-scale), as is 
apparent from FIG. 2. A few, rare output digits have values 
near to positive or negative full scale. Although rare, these 
values can create transmission di?iculties in a high power 
transmitter amplitude modulating a carrier. However, it has 
been found that these rare values can be reduced or elimi 
nated without substantial degradation of the transmission 
?delity. Thus, the circuit 60 includes a clipping circuit which 
reduces the magnitude of output digits near to positive or 
negative full scale. An appropriate threshold is about one 
half of full scale. This threshold can be varied; lower 
thresholds produce a higher error rate but reduce the peak 
to-RMS ratio of the signal. A peak-to-RMS ratio of 6—9 dB 
has been found to produce an acceptably low error rate and 
to be capable of effective transmission by amplitude modu 
lation. 

Circuit 60 also performs digital ?ltering of the digital 
signal on line 57. A digital ?nite impulse response (FIR) 
?lter within circuit 60 eliminates high-frequency compo 
nents from the signal on line 57. As noted above, the signal 
must be ?ltered‘ before transmission to ensure that the 
transmission does not expand beyond the allowable “mask”. 
Digital ?ltering helps to ensure that this is accomplished. A 
suitable ?lter may have a cuto?" frequency of approximately 
1 divided by the length in time of the pulses 32 (FIG. 2) in 
the transmitted CSM signal. 
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In some embodiments, circuit 60 may also perform an 
anti-logarithmic (exponential) function on the output digits. 
An exponential may be computed by a lookup table inside 
of circuit 60. An exponential function may improve the 
?delity of reception when a logarithmic ampli?er is used in 
the receiver (as noted below). However, in the present 
implementation, no exponential function is used. 

Finally, circuit 60 adds the synchronization signals 34, 36 
(FIG. 2) to the digital signal on line 57. This is done by 
inserting positive and negative ?xed level, for example 1A: 
scale digital samples between each sequence of output digits 
received on line 57. 
The output of circuit 60 is a processed digital signal on 

line 61. A 12-bit D/A converter 62 converts this signal into 
an analog signal. A suitable D/A converter may be purchased 
from Analog Devices, 1 Technology Way, Norwood, Mass. 
02062. The analog output of the D/A is low-pass ?ltered by 
a reconstruction ?lter 64 which eliminates the clock signal 
frequencies produced by the D/A converter. Reconstruction 
?lter 64 has a bandwidth wider than the FIR ?lter in circuit 
60, but has a cutoff frequency less than 1 divided by the time 
period between adjacent pulses 32 (FIG. 2) in the transmit 
ted CSM signal. 

In accordance with the above, to begin a sequence, circuit 
60 generates two synchronization pulses. After a synchro 
nization pulse is generated by circuit 60, timing and 
sequence generator 40 produces sequences on lines 45, 
which are combined with data triples via mapping circuits 
48, 50, multipliers 52, and summers 56 to produce a series 
of sixty-three accumulated sums on line 57. Each accumu 
lated sum is converted by D/A converter 62, to produce a 
pulse 32 of the encoded baseband CSM signal (FIG. 2). 
The resulting signal on line 20 is characterized by a series 

of pulses 32 of varying amplitudes, each amplitude being 
derived from the value of an output digit O(i) in the output 
sequence on line 57. 
The signal on line 20 has a pseudo-random variation and 

thus appears in the frequency domain as approximately 
“whitc" noise. Because the signal is composed of repeated 
sequences, it is not true white noise; however, because each 
of these sequences contain an equal number of pseudo 
randomly distributed 1’s and Us, the resulting signal will be 
su?iciently diffused in time and frequency that it will not 
audibly interfere with reception of the standard FM program 
material transmitted by the station and, displays the resil 
ience of spread spectrum transmission to narrowband inter 
ference. 
The general illustration of FIG. 3A shows an encoder 

which computes output digits for line 57 in a parallel 
fashion. However, where sufficiently fast circuitry can be 
obtained, these computations can be performed serially, as 
shown below with reference to FIGS. 3B and 3C, which 
provides economization of required circuitry. 

In essence, the circuit of FIG. 3B computes each output 
digit by serially computing, in the time of one output data 
clock pulse on line 65, each of the individual sums which are 
computed in parallel in the circuit of FIG. 3A. 

Thus, referring to FIG. 3B, a speci?c implementation 
includes only one data mapping circuit 48, sequence map 
ping circuit 50, and digital multiplier 52. These elements are 
used to serial compute the sums computed in parallel in the 
general illustration of FIG. 3A. 

Serial data received from the encoder 14 (FIG. 1) on line 
17 is coupled to a shift register 46. Shift register 46 clocks 
serial data using data clock 16. Shift register 46 produces a 
three-bit parallel output, which corresponds to a three-bit 
triple (Da, Db, Dc) such as discussed above with reference 
to FIG. 3A. 
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The parallel output of shift register 46 is coupled to a data 

input port of a random access memory (RAM) 47. The write 
address input of RAM 47 is coupled to an address sequencer 
39. Address sequencer 39 responds to a clock signal on line 
44 to produce serially-incrementing addresses to RAM. The 
address produced by sequencer 39 has one of 126 possible 
values; the output of sequencer 39 cycles through these 126 
values in sequence, in response to the clock signal on line 
44. The clock signal on line 44 has a frequency which is 
one-third of the frequency of data clock 16. 
As a result of the foregoing, serial data received from the 

encoder on line 17 is converted to parallel three-bit triples 
(Da, Db, Dc), and these triples are stored in 126 sequential 
memory locations in RAM 47 under the control of sequencer 
39. 

Three-bit triples which are stored in RAM 47 are read 
from an data output port of RAM 47 connected to data 
mapping circuit 48. The read address input of RAM 47 is 
coupled to a second address sequencer 38. Address 
sequencer 38 responds to a clock signal on line 43 to 
produce serially-incrementing addresses to RAM. The 
address produced by sequencer 38 has one of the 128 
possible values which can be produced by sequencer 39. 
(However, as discussed further below, at any given time, the 
output of sequencer 38 can only cycle through sixty-three of 
these possible values in sequence, in response to the clock 
signal on line 44.) The clock signal on line 43 has a 
frequency which is sixty-three times larger than the fre 
quency of the clock signal on line 44. 
As a result of the foregoing, triples (Da, Db, Dc) buffered 

in RAM 47 are read from RAM 47 and supplied to data 
mapping circuit 48 at a high frequency. These triples are then 
used to compute pulses 32 (FIG. 2) to be output on line 20. 
Speci?cally, sixty-three previously stored triples (Da, Db, 
Dc) are read from RAM 47 and output to data mapping 
circuit 48 to compute the value of one pulse 32. In the time 
taken to read these sixty-three previously-stored triples, one 
new triple is shifted into shift register 46 and stored in RAM 
47. 

To prevent con?icts between writing and reading of data 
in RAM, address sequencers 38 and 39 implement a 
memory-paging scheme. Speci?cally, during those periods 
when sequencer 39 is causing triples to be written into a ?rst 
group, or page, of sixty-three storage locations in RAM 47, 
sequencer 38 will cause triples to be read sequentially from 
a second group, or page, of sixty-three storage locations in 
RAM 47. The use of paging is illustrated by a dotted line 
dividing RAM 47, indicating that the storage locations in 
RAM 47 are separated into two pages. 

In one implementation of a paging scheme, synchronizers 
38 and 39 are identical circuits. However, the inverse of the 
most signi?cant bit of the output of sequencer 39 is used as 
a replacement for the most signi?cant bit of the output of 
sequencer 38. Both synchronizers are simultaneously ini 
tialized to zero output values. 
As is apparent from equation (2) above and the general 

description of FIG. 3A, each output digit 0(i) is a sum of 63 
products, the k-th product being generated from the k-th 
transmission digit t(k) and the i-th bit of the k-th sequence 
s,c(i). 

In the circuit of FIG. 3B, these output digits are generated 
in series, by combining previously stored transmission digits 
in RAM 47 with the appropriate bits of the sequences s. As 
discussed in further detail below, the appropriate bits of the 
sequences s are generated on line 35 by a maximal length 
sequence (MLS) circuit 37. 

Transmission digits retrieved from RAM 47 are coupled 
to a data mapping circuit 48, Where the digits are converted 
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to a two’s-complement, Grey-coded form as noted in the 
truth table set forth above. Sequence bits on line 35 are 
similarly coupled to a sequence mapping circuit 50 and 
converted to a two’s-complement form as noted in the truth 
table set forth above. The outputs of mapping circuits 48 and 
50 are multiplied in a two’s-complement multiplier 52 to 
form one of the 63 products sk(i)-t(k) needed to generate an 
output digit O(i) in accordance with equation (2) above. 
The products generated by multiplier 52 are accumulated 

in an accumulator circuit including a latch 51 and digital 
adder 56. To begin computation of an output digit O(i), latch 
51 is cleared to a zero value, for example by a clock signal 
on line 42, and at the same time circuit 60 produces a 
synchronization pulse. Thereafter, adder 56 adds the value in 
latch 51 to the product of a transmission digit and sequence 
digit produced by multiplier 52, and the result is stored in 
latch 51. This adding process continues as each product is 
generated by multiplier 52; latch 51 stores each new sum in 
response to, for example, the clocking signal on line 43 
which drives address sequencer 38. 

After 63 such multiplications and additions have been 
performed, the value of an output digit O(i) has been 
computed and appears at the output of latch 51 and the input 
of circuit 60. 
As noted above with reference to FIG. 3A, as each output 

digit is computed, circuit 60 performs ?ltering and clipping 
functions on the output digit and presents it to D/A converter 
62 for conversion to an analog signal. This analog signal is 
further ?ltered by ?lter 64 and presented on line 20 as the 
output baseband CSM signal. 
Now turning to a more detailed description of MLS circuit 

37, it is useful to note that, because the 63 sequences s are 
formed from 63 phased versions of a 63 bit maximal-length 
sequence, groups of corresponding bits from the sequences 
s are also 63 bit maximal-length sequences. Thus, the ?rst 
bits of the 63 sequences s form a maximal length sequence. 
The second bits of the 63 sequences s form the same 
maximal length sequence, but barrel shifted one place from 
the sequence formed from the ?rst bits of the 63 sequences 
s. The third bits of the 63 sequences s form this same 
maximal length sequence, barrel shifted two places. This 
relationship holds for any grouping of the ?rst 63 bits of the 
63 sequences s. (As noted above, the 64-th bits of the 
sequences s are all “0” values.) 

Because of the above relationship, output digits O(i) can 
be serially calculated by computing 63 products of 63 
previously-stored transmission digits t and respective bits of 
a 63 bit maximal length sequence. These products are 
accumulated to form the appropriate output digit O(i). 
The above-referenced chapter “Coding for Communica 

tions and Ranging”, shows that a maximal-length sequence 
can be produced by initializing a shift register with a 
selected generator code, and then repeatedly forming the 
exclusive-OR of two or more selected bits of the shift 
register, shifting the result into the beginning of the shift 
register. The bits shifted out of the end of the shift register 
will form the maximal length sequence. Thus, 63 bit maxi 
mal length sequences are generated inside of MLS circuit 37 
by initializing 6-bit shift registers A and B with generator 
codes, then repeatedly shifting the exclusive-OR of the ?rst 
and last bits in the shift registers into the beginning of the 
shift registers. 

Input lines 55 of shift register B are connected to logic “1” 
values, so that shift register B can be preloaded with the 
binary generator code 111111. The output lines 53 of shift 
register B are connected to inputs of shift register A, so that 
the binary values stored at any given time in shift register B 
can be preloaded into shift register A. 
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This arrangement is used as discussed below to generate, 

at the output 35 of shift register A, differently phased 
versions of a 63-bit maximal-length sequence, by initializing 
shift register A with generator codes produced in shift 
register B. 

For example, to generate the ?rst phase of a maximal 
length sequence, shift register B is initialized with generator 
code 11 1111, and shift register A is initialized with the output 
of shift register B, so that shift register A also contains 
generator code 111111. After thus initialized, a 63 bit maxi 
mal-length sequence will produced by repeated shifting of 
shift register A, namely: 

111111010101100110111 
011010010011100010111 
100101000110000100000 
As noted above, this 63 bit maximal length sequence 

corresponds exactly to the ?rst bits s(1) of the 63 sequences 
s. Thus, these 63 bits can be combined with the transmission 
digits t stored in RAM 47 to compute the ?rst output digit 
0(1) in accordance with equation (2) above. 

While this maximal-length sequence is being shifted out 
of shift register A, shift register B is shifted one time, so that 
shift register B contains the generator code 111110. 

Next, shift register A is initialized with the generator code 
111110 at the output of shift register B. After thus initialized, 
a differently-phased 63-bit maximal-length sequence will be 
produced by repeated shifting of shift register A, namely: 

111110101011001101110 
110100100111000101111 

001010001100001000001 
By inspection, it can be seen that the second sequence is 

the same as the ?rst sequence, but barrel-shifted one digit to 
the right. Furthermore, as noted above, this 63 bit maximal 
length sequence corresponds exactly to the second bits s(2) 
of the 63 sequences s. Thus, these 63 bits can be combined 
with the transmission digits t stored in RAM 47 to compute 
the second output digit 0(2) in accordance with equation (2) 
above. 

While this second, differently-phased sequence is being 
shifted out of shift register A, shift register B is again shifted 
once, so that it contains the generator code 111101. This 
generator code is then loaded into shift register A, and then 
shift register A is repeatedly shifted to produce a third 63-bit 
maximal length sequence, which is barrel-shifted two bits to 
the right relative to the ?rst sequence identi?ed above. The 
bits of this third sequence can then be used to compute the 
third output digit 0(3) in accordance with equation (2). 

This process continues, eventually producing at output 
35, 63 different phase-shifted versions of the 63 bit maxi 
mal-length sequence. 
As noted above, the ?nal, 64-th bits of the sequences 5 are 

all “0” values. Therefore, to compute the last output digit 
0(64), shift registerA is cleared, so that the bits produced on 
line 35 during computation of the last output digit 0(64) all 
have a “0” value. 
The operation of MLS circuit 37 can be understood more 

speci?cally by reference to FIG. 3C. Referring to FIG. 3C, 
to begin generation of an output sequence 30 (FIG.2), at 
time 58(1), prior to the transition of the synchronization 
signal SYNC, circuit 60 generates the positive portion of a 
synchronization pulse. 

Then, at the time of the synchronization pulse 58(1), a 
transition of the LOAD B signal is applied to shift register 
B of MLS circuit 37, causing shift register B to initialize 
with the generator code 111111. Furthermore, a transition of 
the D/A clock signal on line 42 causes D/A converter 62 to 
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produce an analog output corresponding to the positive 
synchronization pulse. This transition also causes circuit 60 
to produce a digital output corresponding to a negative 
synchronization pulse. 

Next, at time 58(2), transition of the D/A CLOCK signal 
on line 42 causes D/A converter 62 to produce an analog 
output value corresponding to the negative portion of the 
synchronization pulse. This transition also causes circuit 60 
to begin generating an output derived from the output of 
latch 51. At the same time, a transition of the LOAD A signal 
is applied to shift registerA of MLS circuit 37, causing shift 
register A to initialize with the generator code 111111 which 
appears at the outputs of shift register B. Furthermore, a 
transition of the CLOCK B signal is applied to shift register 
B of MLS circuit 37, causing the outputs of shift register B 
to advance to the state 111110. 

During the period between time 58(2) and time 58(3), 63 
transitions of the CLOCK A signal cause shift register A to 
produce, at its output 35, a 63 bit maximal-length sequence 
having the values of the ?rst-described sequence above. 
During the same period, 63 synchronized transitions on line 
43 cause address sequencer 38 to retrieve 63 dilferent 
transmission digits from RAM 47; these same transitions 
cause latch 51 to accumulate the sum of products of trans 
mission digits and sequence digits, as discussed above. 

After these 63 transitions, the ?rst output digit 0(1) has 
been computed, and the value of this output digit appears at 
the output of latch 51, and a ?ltered, clipped version of the 
digit appears at the output of circuit 60. Thus, at time 58(3), 
a transition of the D/A CLOCK signal on line 42 causes the 
D/A converter to produce an analog output value corre 
sponding to the ?rst output digit. At the same time, a 
transition of the LOAD A signal is applied to shift register 
A of MLS circuit 37, causing shift register A to initialize 
with the generator code 111110 which appears at the outputs 
of shift register B. Furthermore, a transition of the CLOCK 
B signal is applied to shift register B of MLS circuit 37, 
causing the outputs of shift register B to advance to the state 
111101. 
During the period between time 58(3) and time 58(4), 63 

transitions of the CLOCK A signal cause shift register A to 
produce, at its output 35, a 63 bit maximal-length sequence 
having the values of the second-described sequence above. 
During the same period, 63 synchronized transitions on line 
43 cause address sequencer 38 to retrieve 63 diiferent 
transmission digits from RAM 47; these same transitions 
cause latch 51 to accumulate the sum of products of trans 
mission digits and sequence digits, as discussed above. 

After these 63 transitions, the second output digit 0(1) has 
been computed, and the value of this output digit appears at 
the output of latch 51, and a ?ltered, clipped version of the 
digit appears at the output of circuit 60. Thus, at time 58(4), 
a transition of the D/A CLOCK signal on line 42 causes the 
D/A converter to produce an analog output value corre 
sponding to the second output digit. At the same time, a 
transition of the LOAD A signal is applied to shift register 
A of MLS circuit 37, causing shift register A to initialize 
with the generator code 111101 which appears at the outputs 
of shift register B. Furthermore, a transition of the CLOCK 
B signal is applied to shift register B of MLS circuit 37, 
causing the outputs of shift register B to advance to the state 
111010. 
This process repeats continuously until, after 63 repeti 

tions, the circuitry of FIG. 3B arrives at time 58(65). At this 
time, the circuitry of FIG. 3B prepares to compute the value 
of the last output digit 0(64). As noted above, the last bit of 
each sequence s is “0”; therefore, at time 58(65), unlike the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
preceding repetitions, there is no transition of the LOAD A 
signal, instead, a transition of the CLEARA signal is applied 
to shift register A, causing shift register A to clear to a value 
of 000000. 

During the period between time 58(65) and time 58(66), 
63 transitions of the clock A signal, and corresponding 
synchronized transitions on line 43, cause transmission 
digits stored in RAM 47 to be combined with sequence 
digits produced on line 35 from circuit 37. However, the 
sequence digits produce on line 35 all have a “0” value, since 
these digits represent the ?nal digits in the 63 sequences s. 

Thus, at time 58(66), the ?nal output digit 0(64) appears 
at the output of circuit 60. At this time, a transition of the 
BIA CLOCK signal on line 42 causes D/A converter 62 to 
convert this ?nal value to an analog level for output in the 
baseband CSM signal on line 20. At the same time, circuit 
60 resets and begins producing a positive synchronization 
pulse at its output. The circuit of FIG. 3A is therefore ready 
to begin a new cycle, producing a new set of output digits 
O(i) beginning at time 58(1)‘. 

Referring now to FIG. 4, RF upconverter 22 accepts the 
baseband CSM signal on line 68 and amplitude modulates it 
in analog modulator (multiplier) 69. The carrier used for the 
modulation is the (frequency modulated) RF FM signal, 
which originates from the radio station’s conventional FM 
modulation equipment represented generally by AC source 
70. The FM signal is split by balanced splitter 72 and fed on 
line 73 to the local oscillator input of modulator 69. 

Modulator 69 produces at its output an amplitude modu 
lated version of the frequency-modulated canier on line 73. 
This amplitude modulated carrier is combined in balanced 
combiner 74 with an attenuated version of the carrier 
produced by attenuator 76 (the input of attenuator 76 is 
connected to the second output of splitter 72). The average 
amplitude of the carrier is adjusted to produce a moderate, 
e.g. 15%, modulation of the carrier by controlling the 
attenuation level of attenuator 76. The output of combiner 74 
is fed to a band pass ?lter 78 which prepares the signal for 
transmission. Filter 78 is a wide band ?lter which eliminates 
spurs or images from mixer 69. 
As shown in FIG. 5, a receiver for decoding the CSM/ 

IBOC transmission includes a conventional RF front end 
superhetrodyne receiver 82 (see FIG. 6, below) which 
demodulates the signals received from the antenna 80 and 
produces an intermediate frequency (IF) output on lines 81 
and 83. Line 81 leads to a conventional FM receiver (e.g., 
including a limiter, phase locked loop, etc.) which demodu 
lates the conventional frequency~modulated program mate 
rial. 

Line 83 leads to an amplitude modulation (AM) demodu 
lator and equalizer 84 in accordance with principles of the 
present invention (see FIGS. 7, 8A and 8B, below), which 
demodulates the amplitude modulated CSM signal from the 
IF signal and generates a baseband CSM signal on line 85 
which (barring noise and distortion) represents the baseband 
CSM signal on line 20 in the transmitter. 

This baseband CSM signal is fed to sync recovery circuit 
86 (see FIG. 9, below) which extracts the synchronization 
signal 34, 36 (FIG. 2) and produces a synchronization pulse 
signal on line 87, which is fed to demodulator/equalizer 84 
for use in offset equalization (see FIG. 7, below) and to 
demodulator 88 for use in decoding the baseband CSM 
signal (see FIG. 10, below). 

Demodulator 88 (see FIG. 10, below) converts the base 
band CSM signal on line 85 into a serial data stream on line 
89 which, in synchronization with a clock signal on line 90, 
is serially loaded into decoder 92 which recovers the music 
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or other program material 93 from the serial digital data in 
accordance with the encoding and/or digital signal process 
ing used in encoder 14 (FIG. 2). 

Referring to FIG. 6, the demodulator stage of circuit 84 
has a superhetrodyne design. The RF input from the antenna 
on line 80 is ?ltered by two tunable RF bandpass ?lters 100, 
104. The ?ltered signals are ampli?ed by respective low 
noise ampli?ers 102 and 106. The center frequencies of 
?lters 100 and 104 are controlled by a user-adjustable tuning 
control 108, which places a tuning signal on line 107 leading 
to the band pass ?lters. 
The tuning signal on line 107 also controls synthesizer 

110, which produces a tuned sinusoidal output on line 111. 
This sinusoidal output is fed to the local oscillator input of 
RF demodulator 112, which multiplies the ?ltered RF signal 
from ampli?er 106 on line 113 by the sinusoidal signal on 
line 111 to shift the RF signal on line 113 to a 10.7 MHZ 
center frequency. This 10.7 MHz center frequency signal is 
band pass ?ltered by a ?xed IF bandpass ?lter 114. The 
result is fed to an automatic gain control (AGC) stage which 
normalizes the amplitude of the IF signal. 

Within the AGC stage, the IF signal is fed through a low 
noise IF ampli?er 115 and a second band pass ?lter 116. The 
signal is then split by balanced splitter 118. One output 81, 
83 of splitter 118 leads to the FM and CSM demodulators, 
and the second output 119 leads to AGC circuit 112. AGC 
circuit 112 senses the amplitude of the signal on line 119 and 
produces a gain control signal on line 121 which feeds back 
to ampli?er 115 to control the gain of ampli?er 115. 

Thus, through operation of the AGC circuit 112, the 
magnitude of the IF signal on line 118 is held within desired 
limits. Note, however, that this AGC circuit operates at a 
relatively low bandwidth; it will compensate for relatively 
slow signal magnitude changes, such as those which gradu 
ally occur as the receiver moves closer to or further away 
from the transmitter. The AGC circuit must have a low 
bandwidth so that it will not react to or distort the amplitude 
modulation of the carrier. However, this means that the AGC 
circuit will also not react to multipath “barking”, which may 
occur as the receiver moves into and out of multipath 
reception areas. Thus, other circuitry, discussed below, is 
needed to deal with multipath. 

Suitable bandpass ?lters 100, 104 can be purchased from 
Pole-Zero corporation, 5530 Union Centre Drive, West 
Chester, Ohio 45069. The remaining components are stan 
dard FM receiver front end components and are available 
from many sources of analog circuit components, for 
example Analog Devices, Minicircuits, and Cougar. 
As noted above, the AM demodulator stage includes an 

automatic gain control stage, but this stage cannot compen 
sate for high-frequency “barking” of the signal due to 
multipath reception. These rapid magnitude changes are 
handled by amplitude equalization circuitry, described 
below. 

Referring to FIG. 7, as shown in plots 129 and 130, 
multipath can cause rapid gain changes in the signal on line 
83; plot 129 shows a typical baseband CSM signal and plot 
130 shows the same signal with a gain three times larger. 
To compensate for these gain changes, the IF signal on 

line 83 feeds into a logarithmic ampli?er/detector 132. 
Ampli?er/detector 132 (see FIG. 8) converts the amplitude 
modulated signal on line 128 to a signal on line 133 having 
a DC magnitude proportional to the average amplitude of the 
IF input on line 128 and an AC component representing the 
envelope of the signal on line 130. Plots 134 and 135 show 
the signals produced on line 133 in response to the signals 
of plots 129 and 130, respectively. Note that the gain of the 
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16 
signals has been normalized: the AC components in plots 
134 and 135 are identical; only the DC magnitudes differ. 
The different gains of the original signals, as shown in plots 
129 and 130, have been converted into DC o?fsets, without 
affecting the AC components. 
The signal on line 133 is fed to offset equalizer 136, which 

removes the DC component, producing an AC-only signal 
on line 137. Because the signals in plots 134 and 135 have 
the same AC components, once the DC components are 
removed, both signals result in the same AC-only signal, 
shown in plot 138. 
As shown in FIG. 8A, the logarithmic ampli?er/detector 

circuit 132 comprises a logarithmic ampli?er/detector 140, 
the output of which is ?ltered by a single-pole low pass ?lter 
142 to produce an output on line 133. A suitable circuit for 
performing these functions is available from Analog Devices 
as part no. AD640. 
The operation of the circuit of FIG. 8A can be best 

understood by considering the mathematical function per 
formed by logarithmic ampli?er 140. The IF input signal Vin 
on line 128 can be described by the following equation: 

where A(t) is the amplitude envelope which contains the 
IBOC AM modulated signal, 1((t) is a gain coef?cient which 
represents high-frequency signal gain changes, such as those 
caused by multipath reception (lower frequency gain 
changes are removed by the AGC stage in the receiver), to 
is the angular frequency of the carrier, and ¢(t) is a phase 
modulation component representing the standard FM broad 
cast on the carrier. 
The output of logarithmic ampli?er 140 is the log of the 

expression given in equation (3), i.e., 

However, equation (4) can be simpli?ed using the property 
of logarithms that the logarithm of a product of two terms 
equals the sum of the individual logarithms of the terms. 
Therefore: 

Thus, the output of the logarithmic ampli?er 140 is a equal 
to the sum of three separate time-varying terms, namely, the 
log of the multipath gain K, the log of the envelope A, and 
the log of the carrier cos(wt). 

It is now necessary to consider the frequency content of 
the three time-varying terms in equation (5). The carrier 
cos((nt) is a high frequency term, approximately 10.7 MHz. 
The amplitude variation A(t) is a relatively moderate fre 
quency term; as shown in plot 130 (FIG. 7) the amplitude of 
the carrier varies much more slowly than the carrier fre 
quency. The multipath gain K has the lowest frequency 
variation of the three terms; in most cases it will remain 
relatively constant throughout a transmitted output sequence 
30 (FIG. 2). 
Low pass ?lter 142 is con?gured to pass frequencies 

below the 10.7 MHz frequency of the carrier cos(0Jt), but 
reject the carrier frequency and any higher frequencies; as a 
result, the output signal on line 133 includes only the ?rst 
two terms in equation (5), i.e., the output V0”, on line 133 
equals: 

As shown in plots 134 and 135 (FIG. 7), the output signal 
has a DC component which re?ects the multipath gain 1c, and 
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an AC component which re?ects the amplitude modulation 
A(t). 
As shown in FIG. 7, the offset voltage is removed by 

offset equalizer 136. Referring FIG. 8B, offset equalizer 136 
does this by regularly sampling the signal on line 133 by 
closing sampling switch 144, causing capacitor 146 to 
charge to the DC voltage on line 133. Unity gain buffer 148 
drives line 149 to the same voltage, and summer 150 
subtracts this DC voltage from the signal on line 133, 
producing an AC-only signal on line 85. 

For this offset equalizer circuit to operate properly, sam 
pling switch 144 must be closed at a time when the IF input 
signal has a known relative amplitude. One appropriate time 
to do this is during the synchronization pulses 34, 36 (FIG. 
2). Therefore, the synchronization pulse signal on line 87 
(which is recovered by circuit 86——FIGS. 5 and 9) is used to 
toggle sampling switch 144. Thus, between each received 
sequence 30, the hold capacitor 146 is reset during the 
synchronization pulse, providing an effective measurement 
of the current DC level (multipath gain) in the signal on line 
133. 
As noted above, the synchronization pulse is recovered 

from the baseband CSM signal by circuit 86 (FIG. 5). 
Referring to FIG. 9, in essence, this circuit comprises a very 
narrow-bandwidth recursive digital ?lter. 

In the circuit of FIG. 9, the baseband CSM signal on line 
85 is ?rst converted to an equivalent digital signal on line 
161 by an analog to digital converter 160. Internal digital 
clocks cause A/D converter to perform conversions of the 
analog signal on line 85, and trigger the other digital 
elements in circuit 86. To provide accurate time resolution 
for determining synchronization pulse position, the data on 
line 161 is sampled at a high rate, for example about 2 MHz 
in the described circuit. The output of summer 162 on line 
163 is shifted K places by shifter 164 (which effectively 
divides the digital value on line 163 by 2'‘). The result on 
line 165 connects to a non-inverting input of a second digital 
summer 166. The output of summer 166 on line 167 is stored 
in a random access memory (RAM) 168 which serves as an 
digital delay element; that is, when triggered by the internal 
digital clock, RAM 168 stores the input value on line 167, 
retrieves a value stored a time T earlier, and produces the 
previously-stored value on line 169. (To achieve this, 1 must 
be an even multiple of T, and RAM 168 must store T/T 
previous samples.) This previously-stored value on line 167 
serves as the output of the recursive ?lter, and is also 
connected to the inverted inputs of digital summers 162 and 
166, creating recursive feedback in the ?lter. 

It can be shown that the transfer function of the recursive 
?lter, from the input V,-,, on line 85 to the output V0“, on line 
169 (convening the digital value on line 169 to an equivalent 
analog value), is 

(7) 

where sq'oa. By plotting the magnitude and phase of this 
transfer function, it can be veri?ed that this transfer function 
has sharp peaks at center frequencies f=nlt where n:l,2,3, 
. . . , and attenuates all other frequencies, and further that this 

transfer function has ?xed delay at these center frequencies. 
The baseband CSM waveform illustrated in FIG. 2 has 

concentrated spectral energy at the frequency of the syn 
chronization pulse and its harmonics and randorrrly distrib 
uted spectral energy at other frequencies. Thus, by selecting 
't to be equal to the time period between synchronization 
pulses, the recursive ?lter of FIG. 9 will produce at its output 
on line 169 a digital waveform primarily of the same relative 
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amplitude and phase as the synchronization pulses in the 
baseband CSM waveform on line 85. This digital waveform 
is converted to a digital synchronization signal by a digital 
threshold detector 170, which identi?es the peaks of the 
sinusoidal waveform and produces in response a digital 
signal on line 171 which is in phase with the synchronization 
pulses in the baseband CSM waveform on line 85. 
The synchronization signal on line 171 feeds to a timing 

and logic circuit 172. Timing and logic circuit 172 includes 
a crystal clock mnning at a frequency substantially larger 
than that of the pulses in the baseband CSM signal, for 
example 48 MHZ, which frequency is suitably divided to 
form output clock signals from circuit 172. Each time a 
synchronization pulse is detected by detector 170 and rep 
licated on line 171, circuit 172 re-synchronizes this crystal 
clock to the received pulse on line 171. The pulses produced 
by the crystal clock are produced on line 90 for use by 
demodulator 88 (see FIG. 10, below); furthermore, synchro 
nization pulses derived from the crystal clock are produced 
on line 87. 
When circuit 172 has received a predetermined number of 

pulses on line 171 spaced N+1 samples apart, circuit 172 
sets the synchronization acquired signal on line 175 to a true 
value. Thereafter, the signal on line 175 will remain true 
until circuit 172 fails to receive a second number of pulses 
on line 171 spaced N+l samples apart, at which time circuit 
172 will set the signal on line 175 to a false value. Thus, the 
signal on line 175 provides a measure of whether synchro 
nization has been recently acquired from the received signal, 
and thus is a measure of the quality of the data being 
received. 
When a synchronization pulse is received by circuit 172 

and used to re-synchronize the internal clock in circuit 172, 
the synchronization synthesized signal on line 176 is set to 
a false value. However, if a synchronization pulse is not 
received N+l samples later, circuit 172 sets the signal on 
line 176 to a true value. Thus, the signal on line 176 indicates 
whether circuit 172 is “synthesizing” the synchronization 
pulses on line 87 and output clock on line 90, i.e., is 
producing these pulses based upon the internal clock 
because synchronization pulses are not being received. Thus 
the signal on line 176 is a further measure of the quality of 
the data being received by the receiver. 
The signals on lines 175 and 176 can be used, for 

example, by the decoder 92 (FIG. 5) in determining the 
signal quality while decoding the data produced by demodu 
lator 88. 

Circuit 172 also produces, on line 177, the value K, which 
is the number of bits of shift performed by shifter 164 to 
divide the output of digital summer 162. The value of K can 
be manually adjusted to change the bandwidth of the recur 
sive digital ?lter, so that the integrity of the output signal on 
line 169 is optimized to consistently trigger a detection by 
threshold detector 170. It has been found that a K value of 
between three and ten provides satisfactory performance. 
Low values of K produce a wideband ?lter which will 

capture the synchronization pulses rapidly but will be sub 
ject to noise, whereas high values of K will produce a 
narrowband ?lter which, although taking longer to capture 
the synchronization pulses, will be more noise immune. 

It is possible to automatically adjust the value of K. To do 
this, circuit 172 would start with an arbitrarily low K value 
until a valid synchronization was achieved. The K value on 
line 177 would then be increased (decreasing the bandwidth 
of the recursive ?lter) to obtain a high signal to noise ratio. 
Whenever synchronization was lost, circuit 172 would 
return to lower K values to recapture synchronization. 
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The synchronization pulse on line 87 and clock signal on 
line 90 are used in the demodulator 88 to reconstruct the 
transmission digits from the baseband CSM signal on line 
85. 

Referring to FIG. 10A, in general, the transmission digits 
t are reconstructed by correlating the received baseband 
CSM signal on line 85 with each of the 63 sequences s. The 
demodulator 88 generates the 63 sequences 5, and then 
correlate the sequences with the incoming baseband CSM 
signal by forming a sequence of products of each sequence 
with the baseband CSM signal, and then accumulating these 
products over the duration of an entire transmission 
sequence 30 (FIG. 2). 

Accordingly, as generally represented in FIG. 10A, the 
demodulator must include a timing and sequence generation 
circuit 178 which generates the 63 64-bit sequences s1, s2, . 

. s63 on its output lines. The function of this circuit is 
similar to the generator 40 shown in FIG. 3A. 
The correlation operation may be performed in an analog 

or digital manner; to perform digital correlation, an analog 
to digital (A/D) converter 179 converts the baseband CSM 
signal on line 85 to a digital signal, which is connected to 63 
digital multipliers 180(1), 180(2), . . . 180(63). A/D con 
verter 179 is sychronized to pulses of the CSM signal and 
averages four samples per pulse. A/D converter 179 may be 
a 10 or 12 bit converter; suitable converters are available 
from Analog Devices. 
Each multiplier 180 receives at its second input a digital 

signal produced by a respective sequence mapping circuit 
182(1), 182(2), . . . 182(63), each of which is connected to 
a respective sequence output of circuit 178. The sequence 
mapping circuits 182 create two’s complement digital sig 
nals in accordance with the truth table discussed above with 
reference to mapping circuits 50 of FIGS. 3A and 3B. 
The outputs of the multipliers 180 are fed to respective 

accumulator circuits 184(1), 184(2), . . . 184(63). These 
accumulators accumulate the products produced by multi 
pliers 180 over the time period between synchronization 
pulses. A suitable digital accumulator can be formed from a 
latch and a summer, such as latch 51 and summer 56 as they 
are connected in FIG. 3B. 

After accumulating over the time period between syn 
chronization pulses, the value vi stored in the i"' accumulator 
is proportional to a sum: 

vim fir/‘>010 (8) 
j=l 

where the constant of proportionality is a function of the 
gain of the A/D converter 179. Substituting from equation 
(2) for 0(j), this becomes 

rearranging terms, this can be written as 

n n _ _ (10) 

viec Z I: )3 8110-510) 

However, as illustrated by equation (1), the expression in 
braces in equation (10) will be equal to 0 whenever iaék, 
whereas when i=k, the sum in braces will be equal to 64. 
Thus, equation (10) can be substantially simpli?ed by ignor 
ing all terms of the sum where ia?k, resulting in the substan~ 
tially simpler expression 

vixen-1(1). (11) 

Thus, the values remaining in the 63 accumulators 184(1) are 
directly proportional to the transmission digits t(i), indicat 
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ing that the above circuit fully recovers the transmission 
digits. 
The three most signi?cant bits (MSBs) of the accumula 

tors 184 indicate the extracted value of the transmission 
digits; thus, as shown in FIG. 10A, the most signi?cant bits 
189 of the accumulators 184 are input into respective data 
mapping circuits 190 to extract the transmission digits. Each 
data mapping circuit implements the truth table: 

AID MSBs (Dxa, Dxb, DXC) 

000 (0,0, 1) 
001 (0,0, 0) 
010 (0, 1, 0) 
011 (0, 1, 1) 
100 (1, 1, 1) 
101 (1, 1, 0) 
110 (1,0,0) 
111 (1.0.1) 

This translation table converts Grey-coded data into straight 
binary encoding for output. Note that the Grey-coding 
minimizes error; if the MSBs of an accumulator output are 
off by one code, one and only-one bit of the resulting triplet 
will be incorrect. This is a signi?cant improvement over a 
non-Grey-coded scheme. If Grey coding were not used, an 
error which caused the MSBs of the A/D converter output to 
change from 011 to 100, or vice-versa, would create three bit 
errors in the resulting triplet; however, as seen from the 
above table, through the use of Grey coding the same error 
will produce only one incorrect bit. 
The less signi?cant bits of the accumulator output can be 

used to indicate the “certainty” of the more signi?cant bits. 
These may be used in a “soft decision” error correcting 
scheme, for example Viterbi decoding, in decoder 92, allow— 
ing lower error rate recovery in noisy environments. 
The data bits Dxa, Dxb and Dxc, and the less signi?cant 

bits Vx-0 and Vx-l, are fed to three 189-bit shift registers 
192, 193, 194. These shift registers are loaded by the 
synchronization pulse signal on line 87, and thereafter the 
bits in the shift registers are serially unloaded into serial 
communication lines 195, 196 and 197, respectively. Shift 
register 192, which contains the extracted data bits, is 
unloaded into serial line 195 at the frequency of a clock on 
line 198. (This clock is derived from the synchronization 
signal, and has 189 clock pulses between each synchroni 
zation signal.) Shift registers 193 and 194, which contain the 
least signi?cant bits of the A/D output, are unloaded in 
parallel at a clock having one-third of the frequency of the 
clock in line 198. 
The general illustration of FIG. 10A uses parallel circuitry 

to extract transmission digits from the baseband CSM sig 
nal. However, in a speci?c implementation this operation 
may be effectively performed in series. 

In a serial implementation, the sum identi?ed by equation 
(8) is computed directly from stored output digits 0 and 
serially-generated bits of sequences s. As above, the base 
band CSM signal on line 85 is digitized by AID converter 
179, to form digitized representations of output digits 0. 
However, this representations are not immediately used, but 
rather are stored in a RAM 199 for later, serial retrieval. 
RAM 199 buffers output digits 0 in the same manner as 

RAM 47 (FIG. 3B) buffers transmission digits t. Newly 
converted data is stored in a ?rst page of RAM 199, in write 
address locations identi?ed by an address sequencer 39'. At 
the same time, previously-stored output digits are retrieved 
from RAM 199 at read address locations identi?ed by an 
address sequencer 38'. 

Address sequencers 38' and 39' interact to write and read 
data in RAM 199 in the same manner as the corresponding 
















